One of the chemical breakdown products of nonylphenol ethoxylates, 4-nonylphenol (4-NP), accumulates in organisms and is of concern as an environmental pollutant due to its endocrine disrupting effects. We measured 4-NP levels in the seawater, sediment, and twelve organisms within the California estuary, Morro Bay, and examined biomagnification of 4-NP using stable isotope abundances (d 628 ± 284 ng g À1 lw in oysters, and 127 ± 13 ng g À1 lw in mussels. 4-NP levels generally showed a pattern of trophic dilution among organisms in Morro Bay, with exceptions of biomagnification observed between three trophic links: mussel to sea otter (BMF 10.9), oyster to sea otter (BMF 2.2), and arrow goby to staghorn sculpin (BMF 2.7). Our examination of other west coast estuaries of USA and Canada revealed that mean 4-NP concentrations in gobies and mussels from Morro Bay were significantly higher than those from a more urbanized estuary, San Francisco Bay (goby: 111 ± 38 ng g À1 lw) and from a remote estuary, Bamfield Inlet, Canada (goby: 90 ± 9 ng g À1 lw, mussel: 61 ± 7 ng g À1 lw). Relative to other estuaries worldwide, 4-NP levels in seawater (0.42 ± 0.16 lg L
Introduction
Nonylphenol ethoxylates are anthropogenically-produced substances utilized as stabilizers in plastics, as surfactants in detergents, agricultural sprays, and personal care products, and as spermicide in contraceptives. In 2000, approximately 128 million kg of nonylphenol were produced in the United States (Chemical Market Reporter, 2001) . Although the long-chained, relatively water-soluble ethoxylates degrade during the wastewater treatment process, one of the breakdown products 4-nonylphenol (4-NP) is hydrophobic, adheres easily to sediment rich in organic material, concentrates in tissues with high lipid content, and can persist for decades in anaerobic environments, such as the mudflats of estuaries (Ying et al., 2002; Soares et al., 2008) .
Environmental contamination by 4-NP is of concern because 4-NP acts as a xenoestrogen (Rempel and Schlenk, 2008) disrupting endocrine signaling to a higher degree than expected based on its relative affinity for estrogen receptors (Soto et al., 1991; Acevedo et al., 2005) . 4-NP exposure has been demonstrated to have consequences for several vertebrate taxa, and in fish has been observed to induce production of the egg-yolk protein vitellogenin in males, modify testicular structure and decrease sperm counts, lead to both intersex fish and altered sex ratios in populations, and induce both liver damage and mortality (96 h LC50 values: 17-3000 lg L À1 ) (Servos, 1999; Staples et al., 2004; Vazquez-Duhalt et al., 2005) . When exposed to 4-NP, marine invertebrates exhibit biological impairments, including impaired larval development, decreased growth rates, growth abnormalities, and reduced survival (96 h LC50 values: 20.7-3000 lg L À1 ) (Servos, 1999; Staples et al., 2004; Vazquez-Duhalt et al., 2005) .
Due to the high K ow of 4-NP, more 4-NP adsorbs to sediment than persists in seawater, and aquatic organisms that ingest sediment may be particularly vulnerable to 4-NP accumulation (David et al., 2009 ). Bioaccumulation of 4-NP has been demonstrated in aquatic organisms in both field-and laboratory-based exposure studies (Liber et al., 1999; Correa-Reyes et al., 2007) . To date, however, few studies have investigated whether 4-NP biomagnifies in marine ecological systems. In one Canadian wetland, Mayer and coworkers (2007) found that 4-NP from contaminated seawater and sediments accumulated in the tissues of benthic invertebrates, suggesting the potential to biomagnify in trophic chains. A more comprehensive field study in a coastal bay system in China found that tissue concentrations of 4-NP exhibited trophic dilution, rather than biomagnification, from invertebrates to fish and, ultimately, seabirds (Hu et al., 2005) .
In the current study, we assessed bioaccumulation and biomagnification of 4-NP in the Morro Bay estuary of central California, USA, by quantifying 4-NP levels within the water, sediment and tissues of several marine organisms, and pairing that analysis with a stable isotope characterization of trophic status. Morro Bay is a relative small estuary (9 km 2 ), located at the base of a 198-km 2 watershed with a low human population density (383 people km À2 in 2010), and is considered an estuary in relatively good condition with low levels of most monitored contaminants, excepting phosphorus, mercury, DDT and occasional intrusions of fecal bacteria (EPA, 2006) . Morro Bay wastewater receptacles were tested to assess their potential contribution of 4-NP to the estuary. 4-NP was found at unexpectedly high levels within several organisms inhabiting the estuary, prompting a secondary assessment to explore the extent of 4-NP contamination in marine organisms from several estuaries located along the West Coast of North America (USA and Canada). Estuaries are important ecosystems that function as nursery habitats for a number of commercially important species, and estuaries in proximity to human development are recognized as threatened by pollution via their role as receptacles for runoff and freshwater inputs from the entire watershed. were each captured using a collecting bucket on a pole, then stored in UV-protected glass bottles at À80°C.
Materials and methods

Sampling of organisms
Raw influent and post-polymerization sludge were sampled in August 2008 and November 2010 from the California Men's Colony wastewater treatment plant (WWTP) whose discharge enters Chorro Creek then flows into Morro Bay. In addition, water and sediment samples were collected 100 m upstream and downstream of the discharge point according to the protocol above. Toilet paper samples were purchased from local stores.
4-NP analyses
Samples for chemical analysis were dissected with tools and glassware previously soaked in acetone for 5 min, then heated at 300°C for 2 h. Digestive tissue was removed from whole fish, bivalve, and shrimp samples to avoid contamination from ingested sediment. Liver analyses were conducted on fish, bird, and mammal samples because 4-NP may accumulate in lipid-rich tissue, especially where foreign compounds are metabolized.
Organisms were tested individually, except for gobies, plankton and benthic copepod samples, where multiple individuals had to be pooled to obtain sufficient mass for analysis (2 g). C. ios samples contained between 2 and 10 gobies. Tissues were stored in EPA certified glass vials at À80°C and analyzed at Mississippi State Chemical Laboratory (MSCL).
At MSCL, samples were extracted, purified, and quantified for 4-NP by GC-MS based on the methods of Das and Xia (2008) for biological samples and Keller et al. (2003) for water samples. All isomers of 4-NP detected in the samples are included in reported concentration values. Detailed extraction, cleanup, and analysis procedures are described in the Supplemental information (S2).
Stable isotope analysis
Stable isotope analysis dissection tools and glassware were soaked in methanol for 5 min, then heated at 500°C overnight. Organisms were dissected on prepared glassware over ice. Digestive tissue was removed from fish, bivalve, and shrimp samples to avoid contamination from gut contents. Tissues were combusted for more than 48 h at 40°C, ground to a fine powder, homogenized, and weighed in 1 mg portions into tin boats. Samples were analyzed with a PDZ Europa ANCA-HSL elemental analyzer and a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., UK) at the UC Davis Stable Isotope Facility for 15 N/ 14 N and 13 C/ 12 C analyses. Samples were analyzed for isotope ratios simultaneously by combustion at 1000°C in a reactor with chromium oxide and silvered cobaltous/cobaltic oxide, purification via reduction reactor (reduced copper at 650°C) and a water trap of magnesium chlorate, then separation via Carbosieve GC column (65°C, 65 mL min
À1
) for entry to the isotope ratio mass spectrometer.
Species were analyzed (n = 3, except n = 1 for sculpin and n = 2 for porpoise) for 15 had C:N ratios greater than 3.5 (Post et al., 2007) , except for two sanddab samples with C:N = 3.3. Trophic level (TL) calculations were based on the assumption that mussels occupy a TL of 2.5, midway between primary and secondary consumer due to consumption of phyto-and zooplankton. The TL of other species was calculated with TL = 2.5 + (d Post, 2002 ) assuming a trophic enrichment factor (D n ) of 3.4 (Post, 2002) . Bioaccumulation from seawater to organisms was calculated for each species using lipid corrected NP concentrations, BAF seawater = NP lipid /NP seawater . Accumulation from sediment to organisms was calculated with dry weight NP concentrations, BAF sediment = NP dry weight /NP sediment . To determine the biomagnification factor (BMF) between predator and prey species, lipid weight NP concentrations were used, BMF = NP predator /NP prey . The trophic magnification factor (TMF) is calculated as the antilog of the slope of the regression line between the logarithm of the lipid weight NP concentration for each organism in the food web and its TL (Weisbrod et al., 2009 ).
Statistical analyses
All statistical tests were conducted with MiniTab (version 16). 4-NP levels in toilet paper were compared with Student's t-test. Comparisons of mean lipid weight concentration of 4-NP in goby, oyster, and mussel tissue among locations were tested using the Kruskal Wallace h statistic, a one-way analysis of variance, and Student's t-test, respectively.
Results
Trophic relationships in Morro Bay
Mean stable isotope values for d 13 C ranged from À24.1‰ to À12.2‰ for raw data and from À20.5‰ to À11.5‰ for lipid corrected data (Fig. 1) . In general, the water column sample, oysters, and mussels had the most negative values of d 13 C, indicating a higher proportion of pelagic producers in their diets as compared to benthic species (invertebrates, goby, and sculpin), which had the least negative d
13 C values. The water column sample contained zooplankton, phytoplankton, and detritus, and demonstrated a substantial shift in d 13 C value with lipid correction (Fig. 1 N stable isotope values ranged from 9.4‰ to 18.5‰ with species distributed over five trophic levels (Fig. 1) . In general, the calculated levels increased from bivalves and ghost shrimp through fish, mammals, and seabirds. However, the d 15 N abundance in the water column and benthic invertebrate samples placed them in trophic level three, higher than expected.
4-NP in the trophic system of Morro Bay
The analysis of 4-NP concentration achieved 64-88% recovery for sediment/biosolids samples (MDL 0.01 mg kg ), except for sea otter livers (30% recovery). Average percent lipid was 0.06 ± 0.02 for the water column samples, 0.13 ± 0.03 for benthic invertebrates and detritus, 8.5 ± 2.6 for ghost shrimp, 0.76 ± 0.08 for oysters, 0.94 ± 0.20 for mussels, 0.74 ± 0.05 for whole gobies, 3.3 ± 1.1 for fish livers, 3.8 ± 0.70 for mammal livers, and 1.6 ± 0.35 for seabird livers. . However, the 4-NP concentration in nine samples of sediment from five sites in Morro Bay ranged from undetected to 157 ng g À1 , averaging 53 ± 14 ng g À1 4-NP (dw), and a single sample of eelgrass contained 33 ng g À1 4-NP (ww). Whole organism tissues (oyster, mussel, goby, and ghost shrimp) contained 4-NP levels an order of magnitude higher than the sediment (Table 1) .
Two staghorn sculpin, small fish that prey upon arrow gobies but otherwise have a similar diet to that of the arrow goby, had liver concentrations of 1040 and 1740 ng g À1 lw, higher than the average of the arrow goby liver samples, 522 ± 375 ng g À1 lw. A piscivorous Pacific sanddab contained 4-NP at a concentration of 962 ng g À1 lw in the single liver sampled (Table 1) . Piscivorous seabirds contained lower levels of 4-NP in their livers than Morro Bay fish species, despite occupying a higher trophic level ( Fig. 1 and Table 1 ). The livers of three female porpoise (140 ± 56 ng g À1 lw) and three female California sea lions (250 ± 86 ng g À1 lw) had similar concentrations of 4-NP to those found in seabird livers, but lower than the levels found in fish livers (Table 1) . On the other hand, the livers of three female sea otters averaged the highest levels of 4-NP among Morro Bay mammals, 1380 ± 554 ng g À1 lw. The water column and benthic invertebrate samples contained 9820 ± 6570 ng g À1 lw and 1070 ± 570 ng g À1 lw 4-NP, respectively.
These samples required rinsing via MilliQ (0.35 lg L À1 4-NP) water in order to collect detritus and organisms from the sieve.
Biomagnification in Morro Bay
Accepted criteria for evidence of bioaccumulation are BAF values greater than 5000 L kg À1 , BMF values great than one, or TMF greater than one (Weisbrod et al., 2009 ). The BAF values for Morro Bay species relative to seawater were less than 5000 for all species except for the water column sample ( Table 2) . None of the BAF values relative to sediment were greater than 319. Lipidcorrected BMF values indicated biomagnification from bivalves (mussels and oysters) to otter livers as well as from goby livers to piscivorous fish (sanddab and sculpin) livers (Table 2) . The linear regression between trophic level and the log of the lipid weight concentration of NP in organisms of Morro Bay does not indicate bioaccumulation (Fig. 2) . The TMF for all species associated with Morro Bay is 1.1, and the TMF for species that are constant residents of the bay (excluding birds and mammals) is 1.9; however, neither of these regression relationships are significant, p = 0.81 and p = 0.21, respectively.
NP associated with wastewater near Morro Bay
Chorro Creek, which flows into Morro Bay, had statistically indistinguishable levels of 4-NP in the stream water and sediment at 100 m upstream and downstream sites from the WWTP discharge point (t-tests, p > 0.05) ( Table 3) . A lower 4-NP concentration was measured in raw influent than exited in dewatered sludge (t-test, p = 0.03) ( Table 3) . Local community septic tanks in Los Osos, CA, adjacent to Morro Bay, had higher levels of 4-NP in the upper solid layers than in the liquid portions of the tanks (Table 3 ). The sludge that accumulated on the bottom of the septic tanks at Bayridge had 4-NP concentrations ranging from 214 to 7930 mg kg À1 (dw) ( Table 3) . We analyzed six types of toilet paper for 4-NP and found that three brands made from 100% virgin wood pulp contained 367 ± 214 ng g À1 dw NP, less than three environmentally-friendly brands made from 100% recycled paper with 80% or 90% postconsumer waste, 1720 ± 320 ng g À1 dw NP (t-test, p = 0.02, data not shown).
NP in other west coast estuaries
Mean 4-NP levels were similar for oysters in five west coast estuaries regardless of local population density or nearby industries or agriculture (ANOVA, f 4,10 = 0.57, p = 0.69), but differed for gobies and mussels (Table 4) . 4-NP levels in California mussels were greater in Morro Bay, CA than Bamfield, BC, Canada (Table 4 ; t-test, t 4 = 4.48, p = 0.01). Average ranked concentrations of 4-NP in arrow gobies were not consistent among four West coast bays (Table 4; Kruskal-Wallis h 3 = 9.01, p = 0.03). Nonparametric pairwise comparisons (Zar, 1996) grouped Morro Bay and Tomales Bay separately from Bamfield and San Francisco Bay (Dunn's test, p < 0.05).
Discussion
NP pathways in Morro Bay
This study is the first to report that 4-NP is present in Morro Bay at several trophic levels. The levels of 4-NP increased from seawater to sediment to organisms and increased in some, but not all organisms, towards the highest trophic level, e.g. bivalves to sea otters (Table 2) . To place the levels of 4-NP in Morro Bay relative to worldwide bays and estuaries, we expanded a comparison table created by David et al. (2009) ; data are presented as reported in the cited references (S3), except that we converted 4-NP concentrations for organisms to lipid weight when percent lipid data were available (Table 5 ). Seawater and sediment in Morro Bay contained lower levels of 4-NP than most other estuaries worldwide (Table 5) . However, the concentrations of 4-NP in the organisms of Morro Bay relative to those of organisms worldwide is influenced by the units in which 4-NP concentration is reported: lipid weight, dry weight, or wet weight (Table 5) . Estuarine sediment is particularly likely to retain 4-NP due to its slow rate of degradation, with a half-life of years to decades, under anaerobic conditions (Ying et al., 2002) . In the case of Morro Bay, mud-dwelling organisms may act as a common entry route of 4-NP into the trophic chain (David et al., 2009) . The levels of 4-NP in arrow gobies from Morro Bay and Tomales Bay are higher than levels of 4-NP in marine fish species from China, when the concentration of 4-NP is measured in lipid weight (Table 5) . On the other hand, the comparison of 4-NP in Californian gobies to Italian marine fish has drastically different results depending on the measurement used; wet weight 4-NP concentrations are greater in Californian gobies, but for the same fish, the lipid weight 4-NP concentrations are much higher in Italian fish (Table 5 ). In addition, Morro Bay gobies have higher wet weight 4-NP levels than all of the freshwater fish measured in other studies (Table 5) . Staghorn sculpins prey upon arrow gobies (West et al., 2003) and, in Morro Bay, sculpins are at a higher trophic level than gobies (Fig. 1) ; the BMF between the two fishes based on 4-NP liver concentrations is 2.7 (Table 2) , indicating biomagnification.
Plankton and detritus samples filtered from the Morro Bay water column contained the highest mean level of 4-NP among tissue samples (Table 1) despite the low levels of 4-NP in seawater; however, 4-NP did not further accumulate in Morro Bay filter feeders: oysters and mussels (Table 2) . Selective filtration may prevent components of the water column rich in 4-NP, such as detritus, from being ingested by bivalves, or bivalves may have efficient mechanisms for rapid depuration of 4-NP from high levels (Gatidou et al., 2010) . Compared to other locations, oysters in Morro Bay have higher 4-NP levels than other US estuaries (except for Drakes Bay) but lower than Asian estuaries (Table 5) . On the other hand, Morro Bay mussels contain more 4-NP than most mussels from Europe and Asia using a dry-weight measure, but have lower levels of 4-NP based on lipid-weight.
In Morro Bay, levels of 4-NP in liver tissue were lower in marine mammals and birds than in fish, consistent with the trophic dilution of 4-NP observed by Hu et al. (2005) (Table 1) . We did not find any studies that reported 4-NP levels in marine mammals, and the mean 4-NP concentrations in Morro Bay bird livers is higher than that in bird livers from two other estuaries (Table 5 ). Some of these higher-order consumers use Morro Bay transiently, such as seabirds, porpoise, CA sea lions, and sea otters, but biomagnification was not apparent after removing transient species from the analysis (Fig. 2) . The marine mammal that tends to remain local, the sea otter, had the highest concentration of 4-NP in liver tissue of any organism tested, 2400 ng g À1 lw. Although we have not established a direct trophic link between our sea otter samples and bivalve samples, the otter liver samples came from animals that were likely residents of Morro Bay. In addition, the bulk of the sea otters' diet consists of a variety of invertebrates, such as sea urchins, bivalves, and gastropods, placing them in a different trophic pathway than the other marine mammals, which consume mainly fish and cephalopods. An additional factor that may contribute to the reduced levels of 4-NP in some marine mammals in comparison to fish is the higher clearance rate for 4-NP that distinguishes mammalian from fish hepatocytes (Han et al., 2007) .
Measurements of 4-NP levels from septic systems adjacent to Morro Bay and river sediment near a WWTP suggest that there are potential sources for continuous input of 4-NP into the bay. Concentrations of 4-NP were observed to be especially high in the anaerobic sludge layer of septic tanks, compared to WWTP sludge (Tables 3 and 5) ; the septic sludge had been accumulating for 8 years, likely illustrating both the affinity and persistence of 4-NP in sediments with anaerobic conditions. The liquid portion of the septage is pumped to a leach field atop a hill adjacent to the bay where it can contaminate the bay's waters through underground drainage as well as wind and rain erosion. Effluent of a WWTP discharging into a tributary of Morro Bay may be a source of 4-NP (Table 3) . 4-NP was at a lower concentration in raw influent than in dewatered sludge at the WWTP (Table 3) likely related to increasing 4-NP levels from nonylphenol ethoxylate degradation during wastewater treatment processes (Keller et al., 2003) .
Occurrence of 4-NP in Pacific coast estuaries
We extended our survey of 4-NP levels of marine organisms beyond Morro Bay to examine the range of variation in 4-NP contam- ination among several estuaries along the west coasts of the USA and Canada. Our sites range from Bamfield Inlet, which has the smallest estuary (1.28 km 2 ) and low urbanization, through San Francisco Bay, which has the most urbanized watershed and the largest estuary (4144 km 2 ) ( Table 4) . Average levels of 4-NP in arrow gobies from three estuaries in California and one in British Columbia ranged from 90 to 401 ng g À1 lw (Table 4) . Average 4-NP levels in arrow gobies were lowest at the least populated site, Bamfield Inlet in British Columbia, but the 4-NP levels were not statistically different from those of gobies in the most urbanized bay sampled in California, San Francisco Bay. A possible confounding factor was that the gobies from San Francisco Bay contained younger individuals than those from other bays, with significantly smaller mean size of 28.7 ± 8 mm versus 46.7 ± 4.7 mm, 46.4 ± 6.8 mm, and 42.9 ± 4 mm for Morro Bay, Bamfield, and Tomales Bay, respectively (ANOVA, F 3, 108 = 67.91, p < 0.01). Tomales and Morro Bay gobies have similar 4-NP concentrations despite the differences in watershed human population and geographical size. Mussels from Morro Bay have higher 4-NP levels than mussels from the smaller, more remote Bamfield site (Table 4 ). The mussels in Bamfield were on a more exposed intertidal section of the coast than the mussels from Morro Bay. Oysters, all of which grew suspended in the water column by commercial growers, show no difference in 4-NP levels with regard to urbanization or watershed size via qualitative comparison (Table 4) .
Sources of NP
Bamfield, Canada, a remote town with a human population of about 250 in 2001, is near the northern range limit of the arrow goby. The organisms of this isolated area contain 4-NP, though at lipid-weight concentrations lower than other estuaries (Table 5) . One common factor influencing all of these estuaries is the presence of household waste effluent, either through WWTP discharge, septic leach fields, or both. A ubiquitous element in these systems is toilet paper, which has been identified as a major input of NP to German wastewater (Gehring et al., 2004) . All toilet paper analyzed contained measurable levels of 4-NP, with higher concentrations associated with higher content of recycled paper. While there are other inputs of NP to estuaries (e.g., household laundry and personal care products, industrial laundry waste water, and agricultural run off), the large volume of toilet paper that enters these systems may provide a sizable proportion of the contamination.
Conclusion
Our study revealed contamination in all western North American estuaries sampled and indicated toilet paper as one possible source of contamination, even in remote communities. 4-NP is present in all Morro Bay organisms tested, some at higher levels than worldwide estuarine species, with unknown consequences for many marine species and populations. We present evidence for an increase in 4-NP between species pairs in the local food chain, such as from goby to sculpin, and in the case of bivalves and sea otters, we see magnification to the level of the resident top predator. However, other marine mammals are not biomagnifying 4-NP, possibly due a combination of factors, such as a higher clearance rate and a weak link to the estuarine trophic chain.
